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AN ELECTRONIC ANALOG FOR 
TORSIONAL VIBRATIONS 


ANTON C. HANSMANN 


Submitted to the Department of Naval Architecture and Marine 
Bagineering on May 25, 1953 in partial fulfillment of the requirements 
for the degree of Navel Engineer. 


The object of this thesis is the design and construction of an anslog 
computer primerily for the investigation of torsional vibrations in marine 


geered propulsion systems. 


The computing sections have been bullt, utilicing the George A. 
Philbrick Researches Co. K2-W plug-in operational amplifiers es the 
basic computing elements. Provision has been made for the essy addition 
of reset and initial condition setting circuits so that the computer as 
built may be converted, with a minimus of labor, into a general purpose 
GQ-c analog computer suitable for the solution of a wide range of physical 
problems. 


By means of simple voltage measurements at appropriate points resonant 
frequencies end values of torque amplification may be readily obtained. 
The effects of variations in systen constants may be observed by merely 
changing coefficient settings on the computer. 


Before the computer which hes been built may be placed in operation, 


it will be necessary to design and construct a well regulated, heavy duty 
power supply. 


Thesis Supervisor: §. Curtis Powell, Dott. Ing. 
Title: Assistant Professor of Marine Engineering 


Fi A (= fF A 








iH 





* 





ACKNOWLEDGEMENTS 


The author wishes to express his appreciation to 
Professor §. C. Powell for his advice, encouragement and 
suggestion of the topic of this thesis and to Professor 
J. B. Reswick and Mr. G. A. Philbrick for their advice 
end aid in the design and construction of the enalog 
computer. 


Baas 


© Ad cottatorEET 82 Onnpe wo Mee STD wt 
(Rte Pesemgeuome sotihe eid we Lisewt .2 .€ enenstort 
‘)RRREEDOTE 00 bee laree 48m) ee sige? oD WH rekteume 
eoivie Well of) Garret 4 2. Ae Poteet 7 
(FRC aE LO COIS Ame mplbet wey at fue ane 


1 Peres 








Z EWMRODUCTION 1. 2. 2 1 et wee etwas ae 
Principles of Operation of Analog Computers 
fhe Torsional Vibration Problem... .. - 

Id PROCEDURE. 2 seen r eee ee ww ewe 

ZII RMSULTS 2 ww we ewe et eee verse 

IV DISCUSSION OF RESULTS 2. es ww te te 

V COUCLUSIONS AND RECOMGEIDATIONS . 2 2 2 so 

VI APPBBDIX 2. es st stove tvsevssewe 
Gupplementery Introduction . 1. + + 2 es 
Details of Construction . .. 2s 56 se eo 
Calculation of Coeffictent Settings .... 


Literature Citetiong ...seseesrtee 


15 


16 


Cr BAe 

Bvetete tw tind ig binne\ nyu, . iF 
eee 
ee ee ee 
Bahn went erties er 
De ee eee e 
ee ie niin cease 
eee Che rrr (matin 23 eR Y 
EY pear ae ~\**+~+> aoe 
See hema wits tic bitas ee | 
Mitt Lo Peo ee ee 
Me ek ke > + Re PaO Ye meenien 
Wikereretevewcswrovets Sat eure 








INTRODUCTION 


The solution of a large number of scientific and engineering problems 
is possible only after detailed numerical computations. It is true that 
in many cases vhere only a single calculation has to be performed, it is 
not practicable to construct an analog to do the job. However, in some 
fields of engineering, some wechanical circuit problems occur over and over. 
A prime example is the case of the torsional oscillations of ship propulsion 
equipment. The importance and complexity of the problem have been demon- 
strated by the large number of papers discussing special methods of attack 
and debating the relative merits of different propulsion systems. (1) 

The burden of computation can be lightened by the use of some type of 
analogue which will indicate solutions rapidly and with sufficient accuracy. 
In the past some use has been made of a.c. network analyzers to represent 
marine propulsion systems, but there use does involve difficulties, partic- 
ularly with regard to inductors.(2) A preliminary investigation was made 
of the possibility of building an electrical analog, but this approach was 
abandoned when it became evident that it would be necessary to design and 
build the inductors required, since those with the required characteristics 
were not available from standard commercial sources at reasonable cost. 

The advent of the George A. Philbrick K2-W operational amplifiers on the 
market made the use of an electronic analogue attractive. All additional 
components required are available from stock with one percent accuracy at 
reasonable cost. 

In electronic analog computers, the variables are represented by volt- 
ages which vary with time.(3) Time is generally used es the independent 
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variable. These computers are capeble of solving complicated mathematical 
problems by means of such simple electrical circuits as d-c amplifiers and 
potentiometers. 

Compared with most mechanical aod electromechenical analog computers, 
the d-¢ analog computers are relatively cheap, easy to operate and maintain, 
and capable of flexible interconnections by means of simple patch cords. 
Perhaps the outstending advantage of # d-c analog computer is the fact that 
it can usually de constructed from stendard store-bought electronic parts 
by well-knova radio essembly techniques, without any precision machine shop 
WOrk. 

Practical d-c analog computers may be highly specialised or very flex- 
ible. The computer vhich has been built is flexible, all connections be- 
tween computing elements being mate by patch cords, affording e device capable 
of solving eny physical problem involving eicht orders of differentiation 
employing constent coefficients. Paramaters and coefficients given by the 
prodlea can be changed very convenientiy by means of calibrated dials on the 
front panels of the machine. This is particularly useful in many engineering 
applications vhere trial solutions for different coefficient settings are 
usec to obtain optimum design parameters. 

The solution of a set of ordinary differential equations on a d-c 
enalog computer proceeds as follows: 

1. With the machine connected to solve the given probles, the machine 
variables (voltages) are set to the correct initial conditions pre- 
scribed by the problem. 

2. The computing elements are theo unde operative and force the voltages 
in the mechine to vary in a manner prescribed by the given differen- 
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tial equations. The voltage variations with time are recorded and 
constitute solutions of the given problen. 


3. The machine is stopped at a time chosen by the operator. The maxim 
computing time is usually determined by limitations of the computing 
elewents. The machine is et once reset to its initial condition and 
is ready for the next run vith changed, coefficients, initial conditions, 
etc. In an alternative method the solution is repeated automatically 
vy electronic or relay switching at a repid rate so that the results 
may be observed on the screen of a cathode ray oscilloscope. 

The operation of the computer which has been built will not be exactly 
as Outlined above, since it has been designed, for the present, with the 
purpose of solving torsional vibration problems in the steady state. This 
being so, it is not necessary to insert initial conditions other thes in- 
suring that the d-c output of all computing elements is zero at the start 
of a run. However, sufficient room is left to permit the addition at a 
later time of reset and initial condition setting equipment. 


OF OPERATION OF } UTERS 


The problems solved by analog computers usually deal vith the behavior 
of a number of variables. The aim is to determine how these variables 
change with time, and, in the case of torsional vibrations, with frequency, 
tions. The parti- 





or with another independent variable under certain con¢ 
cular conditions imposed by each problem are usually given es a set of 
mathematical relations or equatioas. 

The variables are represented in the d-c analog computer by corres- 
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ponding volteges, or machine variables X,, Xo.... X,,. In usual practice 
these machine variables are simply proportional to the corresponding origi- 
nal variables on ae convenient scale. The given relations between the 
original variables are now expressed by an analogous set of relations 
vetween the machine variebles. 

Figure 1 shows schematically how relations are represented in a d-c 
analog computer. The voltage Xo will appear as the input voltage of a 
block of computing elements which takes it into consideration and produces 
X, a8 an output voltage. This output voltege will be the desired function 
of the input voltage X_ if the correct combination of computing elements 
has been used. Hote that, in general, the relation produced by the biock 
in Figure 1 is unilateral, that is changes in the output voltage X, will 
not produce changes in the input voltage X~ unless additional connections 
and computing elements are used. 

In many cases an output voltage will appear as a function of several 
other machine variables. The block of computing elements producing the 
output desired will have more than one input voltage, the effects of the 
Gifferent input voltages being mixed to produce the correct functional 
relation.(see Figure 2) 

If two or more simultaneous relations between machine variables are 
given each equation is solved electrically for a different variable. This 
variable appeers as the output voltage of a block of computing elements. 
Pigure 3 shows how it is then used as an input voltage for the computing 
elements establishing the other equations. The resulting interconnections 
force the machine variables to satisfy all the given relations. 


It is easily seen that a majority of problems in applied mathematics 
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require a description of changes of quantities involved in physical processes. 
A time derivative like ax/dt is a quantitative measure of a change dX; the 
latter is compared vith the corresponding change of a known physical quantity, 
the time t indicated by a clock. It is practical to write 4 /dt = P and 
ax/dt = PX. This notation will be used throughout thie paper. For oxemple, 
if X = cos wt then PX = P cos wt = -w sin wt. The second derivative of xX 

may be expressed as P@X, higher derivatives being defined accordingly. 

In problems such as torsional vibrations a set of differential equations 
is given, and it is desired to find the corresponding time dependence of the 
variables involved. The set of differential equations is solved vhen all 
the variables are computed as functions of time. Thus the set of differential 
equations 

PK = Y PY = -X 
is satisfied by the functions 

X = C sin (t + 0) ¥ = Ceos (t + 0) 
vhere C and © are arbitrary constente. 

Figure & shows how relations of this type may be represented on d-c 
analog computers. All derivatives of machine variables sre represented by 
voltages in the machine and are themselves machine variables. The figure 
also shows how special computing elements called integratore form the time 
integrals of the volteges proportional to the derivatives PX and PY to ob- 
tain the machine variables X and Y. With this arrangement the machine 
variables X, Y, PX and PY must vary as prescribed by the given mathematical 
relations. Records of X and Y will then constitute a solution of the set 
of differential equations. Analog computers capable of solving sets of 
ordinary differential equations are often referred to as differential 
analyzers. 
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One cannot overemphasize the usefulness of the biock represeatation 
of mathematical reletions iu practical computer applications. This rep- 
resentation serves as en instructive model which illustrates relationships 
between different variebles of a problem. In many applications the 
functional resemblance between the model and the actual equipment described 
by the mathematical relations is striking. In the analog computers the 
ectual relations between variables become alive and can be observed directly. 
The next task is that of designing generally useful building blocks or 
computing elements. 

It will be desirable to make a computing mechine easy to construct and 
suitable for a wide variety of epplications. It is customary to perform 
more complicated mathematical operations on the computer voltages through 
combinations of ao limited number of simple operations, performed by basic 
computing elements. A very wide range of problems can be solved conven- 
iently by the application of only the following computing elements: 

1. Devices which will multiply ea machine variable by a constant co- 
efficient 

2. Devices which will generate the sum of two or more machine variables 

3. Devices which will generate the product of two machine variables 

4. Devices which will generate functions of machine variables 

5. Devices which will generate either the time integral or the time deriv- 
ative of a machine variable. 

In the computer built items 3 and & are not included, though it may be 
desirable in the future to include 4 as the dempings involved in marine 
propuision systems ere non-linear. 

Compared with many other computing devices, d-c analog computers are 
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often strikingly simple. The reason for this is in the relative ease with 

which the fundemental operations of multiplication by constants, addition, 

aifferentiation, and integretion cen be performed by utilizing simple desic 
laws of current flow. 

Figure 5 shows how a simple voltage divider or potentiometer is used 
to miltiply @ voltage by a constant positive coefficient a (1>a=0) 

Xo = ax 
The coefficient setting may be read on the potentiometer dial. The dial 
scale will be linear unless the potentiometer is loaded appreciably by 
another computing element connected to its output terminals. 

Dec amplifiers with feedback make it possible to multiply a d-c voltage 
by a constant greater than 1. The operational amplifiers used generate an 
output voltage whose sign will be the opposite of that of the input voltage. 
The feedback amplifier thus multiplies by a negative constent; it acts as 
a phase inverter. 

D-c amplifiers with various feedback networks -m used extensively in 
d-c analog computers. They are often referred to as operational emplifiers. 
The transfer functions of such devices are determined mainly by the feed- 
beck networks; the amplifier forward gain is usually made as high as possible in 
order to make the transfer function stable. The amplifiers and their associ- 
ated power supplies are designed for low drift. All input and output voltages 
are measured with respect to a ground reference. It is clear that the output 
voltages of the operational amplifiers must not exceed certain limits corre- 
sponding to the range of linear amplifier operation. In the case of the K2-W 
operational emplifiers thie limit is plus and minus 50 volts. 

Figures 5 thru 9 illustrate the various basic computing elements which 
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were used in the torsional vibrations analog together with their transfer 
functions. 


THE TORSIONAL VIBRATION PROBLEM 


In most shipe the prime mover, propeller and power transmission system 
constitute an oscillatory system. Thus the pulsating torques which are 
produced by the propeller and sometimes by the prime mover may under certain 
resonance conditions produce trosional vibrations of large emplitude. It 
ie therefore always necessary to investigate any proposed design to insure 
that the maximm torques developed under any operating condition will not 
exceed reasonable values. Resonance may occur et one or more speeds with 
almost any type of propulsion systen. 

The evaluation of these oscillatory torques ie straightforvard and 
simple in principle, but very laborious and time consuming in practice. 

It 1s the purpose of the computer which has been designed to provide a 
rapid means of determining the curves of torque amplification versus fre- 
quency of the exciting torque simply and directly by means of measurenents 
made at appropriate points in the analog. In addition to eliminating the 
necessity of solving the equations of motion, as in the case of e mechanical 
drive wherein the equivalent shaft spring gradients and damping coefficients 
ere constant or simple functions of frequency, the computer vill permit 

the solution to other types of drive wherein demping coefficients and spring 
gradients are variable and not simple functions of frequency. It will also 
ve possible, using the computer to determine the transient response of the 
propulsion systen. 
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As is well known, the typical propulsion system of Figure 10 may be 
reduced to ea single speed equivalent eas shown in Figure 11. This is the 
system for which the analog has been designed. However, provision has been 
made so that by the addition of e few more K2-W operational amplifiers and 
® mall number of components the system shown in Figure 12 mey be simulated, 
this configuration permitting a more detailed analysis of oscillatory 
vehavior. 

The equations of motion for the system of Figure 11 are as follows: 


3,0 + BO +B,(0, - Or) + K,(0, = Op) = My = 0 (a) 
“3gO = BoOo + Bg(0) - Og) + B,(0s - Oo) + Be (0, - Op) + K(0, - Op) (2) 


+ Kp(0, - 92) + K3(Q, - @p).= 0 


Ssh + By + Baldy ~ Sp) + ley = 09) =o . 
J,0, + BO, + B, (0, - o5) + K,(@, - G2) = 0 (4) 
Where : 


Kae = Applied torque 

J = Mass moment of inertia in pounds-inches-seconds* 

B= Demping constant in pounds-inches-seconds/redian 

K = Shaft spring constent in pounds-inches/redian 

First and second derivatives ere indicated by . and .. respectively. 

The problem now is to set up an analogue whose behavior will represent 

the avove equations of motion. To illustrate the procedure to be followed 
@ simple 2 storage torsional system will be put into block diagras from and 
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the procedure for determining scale factors will be demonstrated. The 
process to be wed for the entire problem will be a simple extension of 
that to follov. 

Figures 13 and 1% show the mechanical system and its equivalent 
mechanical block dlagras. 

The equation of motion for the systen is: 

30 430 +KO =x (5) 

That the operational system in Figure 14 applies may be seen by 
revriting equation 5 as follows: 

M-KO-BO = 5O (6) 

Frou what hes been said previously about the operation of the various 
computing elements, it can be seen thet the correspondence shown in 
Figure 15 is obteined. The blocks labeled with a K and a subscript rep- 
resent the scale fectors of equivalence between mechanical values and the 
corresponding electrical voltages in the computer, e.g. 0 = Kg@g- 

There ere a number of ways in which the problem of scale factors and 
coefficient setting may ve handled. (3,4,5) 

The method to be used in this paper is one recently developed by 
Professor J. B. Reswick of the Massachusetts Institute of Technology end 
described in (4). 

Consider the system of Figure 15 to be a "real-time scale” analog. T 
equals one second. Ali C's will be numerically equal to the coefficients of 
the mechenical system that they represent. 

Each voltage will now represent its analogous variable in such a way 
that one volt equals one unit, e.g. if & represents a rotational velocity 


Q in redians per second, then one volt of eg represents one radian per second 
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of rotational velocity. The time variation of e, will be identical to 
that of @. Each voltage scale factor, k, is execuly unity. 

It is clear thet if it vere possible in all cases to set up a real- 
time analog with all settings identical to the parameters they represent, 
the interpretations of results would be straight-forward. However, this 
procedure meets with the following difficulties: 

(1) "“Fast-time” or"High-speed"” may be adventageous or desired. 
(2) Paremeters of the mechanical system may have values which msey not 
be conveniently set on the computer. 

To overcome these difficulties the procedure which follows may be used. 
Any “real-time” enalogue may be easily reduced to a “real-time” computer by 
Gefining a new unit of time----. 

The asec (for analog-second or not~a-second) 

The asec is defined so that the time constant of intefration of the analogue 
is unity in units of asec. 
Thus: 
lL(asec) = T(sec) end is analogous to one second of real time. 

When the analog problem is solved in units of asec, its block diagren 
will always reduce to that of Figure 15 and the corresponding simplicity of 
real time interpretation may be applied directly. 

The choice of the integrator time constant T in any real problem depends 
on the convenience and limitations of the computer and display or recording 
system. In ceases where T is fixed and a veriation is desired, either an 
additional coefficient may be used preceding each integrator and be con- 
sidered part of the integrator, or any coefficient already preceding en 
integrator may be adjusted to represent both a peremeter and a nev integrator 
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time constant. The choice of the optimua T bes a bearing on the setting 
of parameters and is considered in the foliowing discussion. 

The reduction of the fast-time anslog to a real-time enalog by use of 
the asec solves one difficulty. The second involving the setting of pere- 
metere will now be discussed. Two requirements must ve met in each setting: 

(1) It must be reasonable, lying in the lineer accurate range of the 
coefficient unit. 

(2) It must not produce voltege variations vhich ere too large to be 
handled by the computer or too emall to be eccurately meesured. 

Both of these factors are met by the single consideration that all 
settings be as close to unity as possible. Although this may seem a rather 
arbitrary requirement, when the action of met real systems in nature is 
formulated mathematically with an accurecy and significance consistant vith 
the accuracy of measurement and determination of parameters, the so-called 
loop geins in the mechenical operational block diagram have values near 
unity. 

A precticeal epproach to obtaining coefficient settings near unity is 
es follovs; 

Referring to Figure 15, there were defined factors k to convert volts 
into the eppropriate variable. These "k's" all had values of unity in the 
real-time and asec-time computers. 

In most practical cases it vill not be possible to set the "k's" at 
unity. The procedure for determining the values of the "k's" and the 
coefficients settings is as follows: 

From Figure 15 it ie evident that, for exemple, the numerical value 
ovtained by traversing a path from a to b by way of the electrical analog 
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must be equal to thet obtsined by going directly frow 4 to b in the 
mechanical block diagram. The first step in solving for the “k's” is to 
Getermine the range of perameters vhich ere expected to be encountered in 
the physical systems to be investigated. for geared marine propulsion 
systems this means that one must determine the meximm and minimum velues 
of inertia, spring constents and damping constants, es well as the expected 
frequency ranges. The absolute magnitudes of torques and angular deflection 
will not be important sinee it is only desired to know at what frequencies 
the systems will resonate and what values of torque emplification will be 
obtained. 

Going from a to b by the two patas indicated ebove leads to the 
following equation: 


ws een “3 (7) 


Similerly traversel from a to ec yields; 


x Ce 1 =x «11 
Key sty iF (8) 


It will be noted that the product k,T represente the tine constant of 
the integrator, and as noted above this need not be the seme for all inte- 
grators in the computer. 

The equations above, plus enough of the others meade possible by 
alternate traversals, are written so that all coefficients and “k's" appear. 
Actual maxima values of system peremeters are inserted in the appropriate 
places end a time scale, T, is initially asewmed. It will be noted that 
Figure 15 applies only to ea one mass systen, however, the computer will 
consist of four of such blocks with suitable interconnections. This being 
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the case, a scale solution for one will apply to all. 

To continue, an integrator time constant is temporarily assumed, it 
being noted again that this is equal to k,f. The values for the "k's" in 
each equation are assumed and the resulting coefficient setting determined. 
With the type of coefficient setting amplifier used the wmity range may be 
considered to be from 0.2 to 20, though it is desired that the varietion be 
as emoll es possible. At this point it may be well to remark that the 
resistors R, and Ro Of Figure 6 need not ve fixed. One or the other may be 
capedhie or thay my be replecGd by Guo Veridble recieter vhens top 22 
equivalent to the junction of the two original resistors. As stated above, 
such a device has a limited range of eccurete setting. 

If the settings obtained by the above procedure do not fall in the 
proper range, the assumption as to the value of one or more of the "k's" may 
be changed, as may the time constant of the integrator. The values obtained 
are checked for self-consistency betveen the various traversal equations and 
necessary adjustments made. At first glance the process may seem to be fairly 
long ard laborious and to embody much trial end error. However, familiarity 
makes it possible to make good estimates at the start and the determination 
of constants and coefficients becomes rapidly convergent. 
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The computer sections have been designed and construction nearly 
completed. The computer in ite present state can not be tested or op- 
erated pending provision of a heavy duty regulated power supply and 
instrumentation. 

It is not anticipated that difficulty will be experienced in placing 
the computer in operation since the design and construction followed 
regoniseé analog computer practice. As mentioned above, the critical 
d-c amplifiers ere provided by the well engiveered Philbrick K2-W units. 
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As eteted in the introduction, 1% was first decided to construct and 
manufacture a passive elemeat analog, but difficulties in the design of 
the inductors necessary, es well as other difficulties, forced an abandon- 
ment of this approach. Much time and effort was devoted to this line of 
attack, consequently reducing the time available for the design and con- 
struction of the electronic analog. 

It is now realized thet the design iteelf is e major undertaking, 
mechanical construction of the computer imposing en added burden upon 
available time. It is felt that satisfactory progress has been made since 
the design itself has been completed and only a small amount of work, 
compared to what has already been done, is required to complete the cosi- 
puting section. 

in the design of the compter it was kept in mind that it would be 
Gesirable for it to be easily converted to a general purpose analog com- 
puter. The inputs and outputs of all computing elements were therefore 
brought out to panel jacks rather then being permanently wired in the 
configuration suitable for typical geered-turbdine propulsion system. Space 
was also provided eo that initial condition and reset circuits as discussed 
in (3), Chapter 7, cen be added with ea minimum of difficulty. Provision 
has also been made for the sddition of severel more K2-W units end their 
associated circuitry. 

It will be noted that the damping factor computing elements operate 
es resistances independent of frequency, it being possible to select the 
appropriate values when the computer indicates the frequencies at which the 
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propulsion system is resonant. KEaowing the charecteristics of the propellor 
end shafts used in the physical systen, the proper damming factors can be set 
and the computer will then give accurate values of torque amplification. 

Based on experience vith other computers of the seme general construc- 
tion as the one Which {s Giscussed in this paper, an aceuracy of no less 
than 2% 18 expected in frequency end amplitude determination. This eccuracy 
can be mata to epproech 16 if coefficient settings ere made by measuring 
with outsides instrumentation rather then relying on the calibration of the 
ecales om the computer. 
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The torsional analog computer hes been designed and the computing 
sections nearly completed. With the addition of a power supply and 
instrumentation the computer will be ready to make analyses of torsional 
vibrations in marine geered turbine propulsion systens. 

It is recommended that an investigation be made of the feasibility 
of constructing circuits for generating proper values of the demping 
factors as the computer operates. Possible lines of attack may be found 
in (3), Chapter 6. 
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In the introduction the basic circuits employed in analog computers 
vere illustrated and their operaties explained. It will nov be shown how 
these basic circuits are combined to create a complete analog computer. 

As hes been sald, the computer consists besically of four blocks of 
computing elements es in Figure 15. To these are edded other computing 
elements interconnecting the basic assemblies. To illustrate: the term 
K, (0, - Op) 49 obtained by teking en input from the ©, and Op pointe of 
the computer and putting them into a sumaing coefficient unit. The need for 
using an actual subtracting unit is avoided by defining 0, as negative in 
ite besic block. This causes no difficulties in sign in the rest of the 
equations. This can be seen by rewriting equation equation (3) as it 
would be solved in the computer: 

Ts0y = 405 (-5) + By(p - 05) -Kp(03 - 0p) (9) 

Tt will be reseabered thet the couputing elements used change the sign 
of a quantity, and hence one cen see that -03, for exemple, appears natur- 
aliy in the computer. When it becomes necessary to reverse the sign of a 
whole term containing several quantities it is only necessary to put it 
through an adder with unity gain. The extension of thie method to the rest 
of the terms in the equations is obvious. 

The major difficulty is in correlating the signs of the terms in the 
physical equations and the way in which they eppeer in the computer. The 
problem is solved by having two adding units before each integrating chain 
in the computer so that the proper sign will be present at the input to the 


first integrator. It may be noted that the C, element may be used to produce 
a 
20- 
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one sign reversal, the adder indicated producing the other. 





The data sheets on the following two pages give much pertinent 
information on the Philbrick K2-W unite, It will. be noted thet the input 
impedence 1s extremely high and the output impedance very lov. These — 
piemurte| poubdt chuphe enbtertion sgt chrudt Genten stame-ane wackest 
take into account undesired interaction and losding of ene circuit by 
another. Thus it is possible, for instance, to take two outputs from a 
single amplifier using 100 thousand obm potentiometers without exceeding 
the load capacity of the emplifier. It will be found, however that in 
‘the computer as designed for the ships propulgion vibration problem, only 
 @te such load is imposed at any point, the others being at a much higher 
impedance level. 

The fixed resistors and capecitorsa used in the construction of the 
computer are of one percent accuracy. Clerostat type 10 potentiocusters 
were used for coefficient setting. These potentiometers, as calibrated by 
the George A. Philbrick Researches, Inc., have a total resistance accuracy 
of one percent end a one percent rotational resistence accuracy. The 
company has provided coefficient scales suitable for use with these poten- 
tiometers. | 
| The general method of construction can be observed in the appended 
photographs. It will be seen that’ terminal board type construction is ued 
for all signal wiring. Power is supplied to the unit from e power panel on 
@ seperate chaesis through plugs which mate vith female connectors on each 
comyuter deck. 
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Direct Current PLlue-in AmoeLicice 
DESIGNED FOR FEEDBACK COMPUTING 
IN ELECTRONIC ANALOG SYSTEMS 


FAST & SLOW 








(INPUTS: DIFFERENTIAL PAIR, Pos. &NEG. 
IMPEDANCE OVER IOC MEGOHMS 
WITHIN, OPERATING RANGES. 
OUTPUT: RANGE MINUS TO CLUS $O VOLTS 
UNDER LOADS TO SOK OR 1 MA. 
IMPEDANCE S00 WITHIN RANGE. 
GAIN: PLUS AND MINUS (4,000, APPROX. 
RESPONSE: FEDBACK FoR. UNITY GAIN; 
BANOWIDTH WELL OVER (00 KC. 
RISE TIME AepPzOx. 2 MSEC. 
POWER: REGULATE VOLTAGES FOR MAX. STABILITY. 
6.3 VACORVOC AT 0.6 AMPERES 
t+ AND —300 VOC ATS MILLIAMES. 
BASE: OCTAL PLUG, WITH KEY ON 
LINE OF TUBE CENTERS. 
SUGGESTED ZEROING WEIGHT: 2.8 02. LENGTH: 4.5 INS. OVERALL. 
MAE THODS: 
SCHEMATIC DIAGZAM ~~ 
Crs AMPLIFIER SYMBOL 5 
DO x ra 
POR NEG. GAIN ONLY 2 
Qw=——-" => 
UNIVERSAL y 0.0SA4F® 
OO +200 
. ©) © ALL VOLTAGES ARE A 
l @) - OP WITH RESPECT TA 18 
IN AN) [M@LIED GROUND. 
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| a SYMBOL — SYMBOL 
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To simplify circuit tracing end future sdditions to the computer all 
wiring has been color coded ag follows: 


Green Computing signals 

Red Plus 300 volts 

Yellow Minus 300 volte 

Black Ground. 

Black 6.3 volt filement supply 
(twisted pair) 


It will be noted the filement wiring is of twisted pair construction 
and is isolated from other wiring as much es possible in order to el «inate 
hum pickup by the signal viring. 

At the reer of the chaseis cen be seen the seroing circuits. These 
have been placed in this position since adjustments will be infrequent once 
the computer has been warmed up and stabilized. The method used for seroing 
in this computer hes been indicated on the center diagrem of the first data 
sheet. 

The high voltage power supply's requirements for the computer assuming 
25 computing elements are rather rigourous. First, it's output impedence 
should be on the order of one or two ohms to prevent coupling between anp- 
lifiers through the power supply. Second, the plus end minus 300 volts 
stability in the computer. They should each be capable of supplying approx- 
imately 150 milliemperes. A minimum of 15 emperes at 6.3 volts will be 
required for the filaments, a supply capable of supplying 20 or more emperes 
would be desirable. 

Ae for instrumentation, the desired voltages can be read using almost 
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any good quality vacuus tube a-c voltmeter. However, :t must be borue 
in mind that the usual commercial instrumexts have an accuracy of oaiy 
two or three percent and must be calibrated against a laboratory type 
instrument if overall aecuracy available in the computer is to be ob- 
tained. 
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To obtain estimates of systen variables on which to base cveificient 
settings, the plant of (1) was used with generous margins. 
dnax = 1,000 (103) in-1bs-sec® 
Jain = § (105) in-lvs-sec 
Kmax = 500 (10°) in-lvs-red 
Ruin = 3 (106) in-lbs-rad 
Bex = 25 (20°) in-lbs-sec/raa 
AS @ Preliminary step the integrater time econstent wes picked «° 


. § in-lbs. 
T= 0.08 and Ky ae 107 *B-208- 
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Ky = Ro (xjt) - 0.5(0.08) - 0.08 red/ece 
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To get Cy, a traversal yields 
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ja * oe x Cy x 109 » 500(10°) 


Cy = & for maxk 
= 0.3 for mink 
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All settings ere thus in the region of 1 and hence are satin ’actory. 
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